Uric acid (UA) is a purine metabolite that selectively inhibits peroxynitrite-mediated reactions implicated in the pathogenesis of multiple sclerosis (MS) and other neurodegenerative diseases. Serum UA levels are inversely associated with the incidence of MS in humans because MS patients have low serum UA levels and individuals with hyperuricemia (gout) rarely develop the disease. Moreover, the administration of UA is therapeutic in experimental allergic encephalomyelitis (EAE), an animal model of MS. Thus, raising serum UA levels in MS patients, by oral administration of a UA precursor such as inosine, may have therapeutic value. We have assessed the effects of inosine, as well as inosinic acid, on parameters relevant to the chemical reactivity of peroxynitrite and the pathogenesis of EAE. Both had no effect on chemical reactions associated with peroxynitrite, such as tyrosine nitration, or on the activation of inflammatory cells in vitro. Moreover, when mice treated with the urate oxidase inhibitor potassium oxonate were fed inosine or inosinic acid, serum UA levels were elevated markedly for a period of hours, whereas only a minor, transient increase in serum inosine was detected. Administration of inosinic acid suppressed the appearance of clinical signs of EAE and promoted recovery from ongoing disease. The therapeutic effect on animals with active EAE was associated with increased UA, but not inosine, levels in CNS tissue. We, therefore, conclude that the mode of action of inosine and inosinic acid in EAE is via their metabolism to UA.
T
he prospect that the manipulation of serum urate (UA) levels may provide a natural approach to therapeutic intervention in multiple sclerosis (MS) and perhaps other neurodegenerative processes is supported by several lines of evidence, including (i) the specificity of UA for the inhibition of certain peroxynitritemediated chemical reactions, such as tyrosine nitration (1) (2) (3) (4) (5) , (ii) evidence that these reactions may contribute to the pathogenesis of MS and other neurodegenerative diseases (6) (7) (8) (9) , (iii) the demonstration that UA is an effective treatment in several animal models of CNS inflammation (8, (10) (11) (12) (13) , and (iv) observations of a reciprocal relationship between the incidence of MS and serum UA levels (10, (14) (15) (16) (17) . A common feature of the neuroinflammatory conditions that are influenced by UA is the presence in CNS tissues of cells expressing inducible nitric oxide (iNOS), an enzyme that produces high levels of NO (11) . When NO and superoxide are produced in close proximity, for example, by activated monocytes (18) , they combine to form peroxynitrite, which rapidly decomposes in a biological milieu to generate highly reactive intermediates, such as NO 2 • and CO 3 •Ϫ , some of which are inactivated by UA (4, 5) . UA is an intermediate of purine metabolism in most mammals but, because of the unusual penetrance of a single point mutation in the urate oxidase gene, is the end product in higher-order primates and humans (19) (20) (21) . When the normally low serum levels of UA in animals used to model neuroinflammatory disease are raised by repeated administration of UA, they become resistant to the induction of such diseases, which include experimental allergic encephalomyelitis (EAE) and Borna disease (8, (10) (11) (12) (13) 22) . Moreover, studies in EAE have demonstrated that treatment of an ongoing neuroinflammatory condition with UA has beneficial effects (10, 11) .
There are also indications that the elevated UA levels normally seen in humans may be beneficial. For example, MS patients generally have serum UA levels that are lower than those of controls, and gout (hyperuricemia) patients very rarely develop MS (10) . Moreover, it has been demonstrated recently that serum UA levels are significantly lower in MS patients with a clinical remission and that this correlates with blood-brain barrier (BBB) dysfunction (17) . We therefore have begun to examine the therapeutic potential of elevating UA levels in MS patients, first assessing whether oral administration of UA could be used to raise serum levels (23, 24) . This proved ineffective likely because of the production of uricase by enteric bacteria (23) . Our alternative approach was to administer a precursor of UA that is not susceptible to breakdown by uricase because metabolism of dietary purines is a major source of UA. Inosine is a purine nucleoside that has been used extensively in humans and marketed for a number of years as an energy supplement and performance enhancer, although there is little scientific evidence that it has these properties (25, 26) . A well known side effect of inosine use is raised serum UA levels. We have found that the low serum UA levels of MS patients can be raised reliably and maintained at desired levels for extended periods of time by oral administration of inosine (24) . Preliminary results suggest that there may be a therapeutic benefit to such treatment, and no signs of any deleterious effects have been noted (24) . Inosinic acid, the 5Ј-monophosphate of inosine, is used as a flavor enhancer and, therefore, also is consumed extensively by humans, particularly in Japan (27) .
Although little is known about the effects of inosinic acid on physiological processes, there is increasing evidence that inosine can modulate inflammatory processes (28) (29) (30) (31) and neuronal growth properties (32, 33) that possibly are relevant to neurodegenerative disease. For example, administration of inosine in a mouse model of acute, lipopolysaccharide (LPS)-induced, lung inflammation had a broad range of antiinflammatory effects including the down-regulation of tumor necrosis factor-␣ expression (31) . On the other hand, infusion of inosine directly into the cisterna magna or lateral ventricle of the rat brain after experimental stroke induction stimulated axonal outgrowth and rewiring in the intact side of the brain (33) . In this study, we therefore have performed experiments to establish the nature of any inosine or inosinic acid effects on peroxynitrite-mediated chemical reactivities and the pathogenesis of EAE. dihydrorhodamine 123 (DHR 123 , Molecular Probes) to fluorescent rhodamine 123 (10, 12, 13 Western Analysis of ONOO ؊ -Mediated Tyrosine Nitration. BSA (Sigma) at 1 mg͞ml in PBS was incubated with 1 mM SIN-1 for 2 h at 37°C in the presence and absence of UA, inosine, and inosinic acid (100-800 M) and 10 mM HCO 3 Ϫ added as NaHCO 3 (Sigma). Immediately after incubation, 5 l of each sample was separated on a 12.5% SDS-polyacrylamide gel and transferred onto a poly(vinylidene difluoride) membrane (NEN; ref. 13 ). Nitrotyrosine-containing proteins were detected with rabbit polyclonal anti-nitrotyrosine antibody (Upstate Biotechnology, Lake Placid, NY) and developed with a diaminobenzidine substrate by using the Vectastain detection kit according to manufacturer recommendations (PK-6101, Vector Laboratories).
Activation of Monocytes and Assessment of iNOS Activity in Vitro.
Cells of the mouse monocyte-macrophage cell line RAW 264.7 (American Type Culture Collection) were grown to 80% confluence and activated with 1 g͞ml LPS (Escherichia coli serotype 055:B5, Sigma) in RPMI medium 1640 supplemented with 10% heat-inactivated FBS, 50 units of penicillin, 50 g͞ml streptomycin, and 5 mM L-glutamine in the presence or absence of UA, inosine, and inosinic acid (200 M) overnight. Nitrite accumulation in the medium was assessed by using the Griess reaction as detailed (10) . The activation of iNOS genes was assessed by real-time quantitative RT-PCR analysis of the expression of the specific mRNAs by using a Bio-Rad (Hercules, CA) iCycler iQ real-time detection system as detailed (22) . Data were calculated based on a threshold cycle (Ct), determined as the cycle with a signal higher than that of the background (signal detected in cycles 2-10) plus 10 times its SD. Data are expressed as a fold increase in mRNA expression calculated by exp[Ct lowest expresser (e.g., unstimulated cells) Ϫ Ct test value] divided by the same value determined for the housekeeping gene GAPDH.
Induction of EAE.
Female 8-to 10-week-old PLSJL mice (The Jackson Laboratory) each were immunized s.c. at three sites along the back with 200 l of an emulsion of 100 g myelin basic protein (MBP) in complete Freund's adjuvant (1:1) containing 0.05% Mycobacterium butyricum plus an additional 4 mg͞ml Mycobacterium tuberculosis H37 RA. Pertussis toxin (List Biological Laboratories, Campbell, CA), 400 ng, was given i.p. twice, on days 0 and 2. Mice were scored for clinical signs of EAE twice daily on the basis of the presence of the following symptoms: 0, normal mouse; 1, piloerection, tail weakness; 2, tail paralysis; 3, tail paralysis plus hindlimb weakness; 4, tail paralysis plus partial hindlimb paralysis; 5, total hindlimb paralysis; 6, hind-and forelimb paralysis; 7, moribund͞dead.
Treatment of Mice.
Inosine and inosinic acid (5Ј-monophosphate, disodium salt, from yeast, Sigma) were administered twice daily either as i.p. doses of 500 mg͞kg in 100 l of saline or by gastric intubation of 1,500 mg͞kg in 100 l of saline with and without two daily i.p. injections of 250 mg͞kg potassium oxonate (K-Ox) in 100 l of saline to inhibit breakdown of UA by urate oxidase. To assess the effects on existing disease, treatment of mice began when clinical signs of EAE reached a score of at least 3.
HPLC Analysis of UA, Inosine, and Inosinic Acid Levels in Sera and CNS
Tissue. For sera, heparinized blood was collected and sera was isolated by centrifugation and deproteinized by using HClO 4 and K 2 HPO 4 as described (11) . Spinal cord tissue was homogenized in 0.1 M perchloric acid, and the supernatant was deproteinized with K 2 HPO 4 as detailed (11) . HPLC analysis was performed by using a C 18 reverse-phase column and a 30-min convex gradient of 100% buffer A (0.06 M K 2 HPO 4 and 0.04 M KH 2 PO 4 in H 2 O, pH 6.0) to 100% buffer B (0.06 M K 2 HPO 4 and 0.04 M KH 2 PO 4 in 25% methanol͞75% H 2 O, pH 6.0) on a Beckman Coulter 125 solvent module and 168 diode array detector. UA was detected at 292 nm at Ϸ5 min, and inosinic acid and inosine were detected at 254 nm at Ϸ7 and 22 min, respectively. Concentrations were determined by comparison of the integral of peak areas with those of known controls.
Results

Chemical Reactivities Mediated Through Peroxynitrite Decomposition
Are Inhibited in Vitro by UA but Not Inosine or Inosinic Acid. Peroxynitrite decomposition mediates several chemical reactions that are highly sensitive to inhibition by UA, including oxidation of DHR 123 to rhodamine 123 and tyrosine nitration (13) . Neither inosine nor inosinic acid had any effect on the oxidation of DHR 123 , whereas UA at physiological levels completely inhibited the reaction, whether mediated by a peroxynitrite donor or activated monocytes (Fig. 1) . A similar result was observed for the nitration of serum proteins by peroxynitrite, where UA strongly prevented the reaction, whereas comparable concentrations of inosine and inosinic acid had no noticeable effect (Fig. 2) .
iNOS Gene Expression by Monocytes in Vitro Is Unaffected by UA,
Inosine, or Inosinic Acid. Our previous studies have not detected any changes in monocyte or lymphocyte activation associated with UA treatment (12, 13) . However, there is evidence that inosine may have inhibitory effects on pathways related to immune function (28) (29) (30) (31) . iNOS is an enzyme that catalyzes the production of NO by monocytes during an inflammatory response and has been implicated in the pathogenesis of both MS and EAE (6) (7) (8) (9) (11) (12) (13) . Therefore, we assessed whether, unlike UA, inosine or inosinic acid could inhibit the activation of iNOS in cultures of mouse RAW monocytes stimulated by LPS. Fig. 3 shows that neither the levels of iNOS mRNA expression nor the accumulation of the NO metabolite, nitrite, in the cultures is altered by the addition of UA, inosine, or inosinic acid. This indicates that none of these compounds has a direct inhibitory effect on the induction of iNOS.
Oral Administration of Inosine and Inosinic Acid Primarily Raises
Serum UA Levels in Mice. The oral administration of inosine to MS patients has proven to effectively raise their normally low serum UA levels (23, 24) . Because, unlike humans, mice metabolize UA to allantoin, we first determined whether their serum UA levels could be elevated similarly. In addition to inosine, we also assessed the capacity of its derivative, inosinic acid, to raise serum UA levels in mice. Inosinic acid is particularly interesting in this regard because it has been consumed regularly by a large number of individuals as a flavor enhancer, without reported side effects (27) . The i.p. administration of 500 mg͞kg of either inosine or inosinic acid in 100 l of saline to adult female PLSJL mice caused a transient, minor increase in serum inosine levels (peak, Ϸ30 M at 15 min postinjection) as well as a strong elevation in serum UA (data not shown). Serum UA levels were maximal at 15 min postinjection (Ϸ400 M) but declined rapidly to between 100 and 150 M, where it was maintained for 2-4 h (data not shown).
As is evident from Fig. 4 , serum UA levels can be raised only transiently in mice likely because of the rapid metabolism of UA by urate oxidase. To maintain elevated serum UA levels over a more extended period, we have examined the utility of several urate oxidase inhibitors including K-Ox, 8-azaxanthine, and 9-methyl-UA. K-Ox has been used more extensively in vivo (e.g., ref. 34 ) and therefore has become our urate oxidase inhibitor of choice. By titrating K-Ox in mice treated with UA, we have determined that serum UA levels can be raised more effectively and maintained at higher levels for over 8 h when using a single i.p. dose of 10 mg of K-Ox (Fig. 4) .
Using K-Ox to inhibit the metabolism of UA, we compared the efficacy of inosinic acid vs. inosine in raising serum UA levels after oral administration. After a single i.p. dose of K-Ox, serum UA levels were elevated strongly for periods of up to 8 h by the administration of inosinic acid, whereas inosine, initially, was Fig. 2 . UA but not inosine or inosinic acid inhibits tyrosine nitration by SIN-1. BSA (1 mg͞ml) in PBS was incubated with 1 mM SIN-1 for 2 h at 37°C in the presence of 10 mM HCO 3 Ϫ , with and without decreasing concentrations of UA, inosine, and inosinic acid. Immediately after incubation, 5 l of each sample was separated on a 12.5% SDS͞PAGE gel and transferred onto a poly(vinylidene difluoride) membrane. Nitrotyrosine-containing proteins were detected by using a rabbit polyclonal anti-nitrotyrosine antibody as detailed in less effective (Fig. 5) . As shown in Fig. 5 , oral administration of both inosine and inosinic acid caused a substantial elevation in serum UA levels but only a minor increase in serum inosine. Inosinic acid ingestion resulted in peak serum UA levels at 15 min that were roughly twice those caused by inosine, but these declined within 2 h such that the elevated UA levels caused by both reagents were approximately the same (Fig. 5) . In both cases, serum inosine levels dropped to background between 30 and 60 min after ingestion, whereas UA levels remained elevated for more than 4 h (Fig. 5) . Inosinic acid was not detected consistently in serum at any time point (Fig. 5) .
Oral Administration of Inosine and Inosinic Acid Raises UA Levels in the CNS Tissues of Mice with EAE.
Normally, the BBB is relatively impervious to UA and UA levels in CNS tissues are low (11) . When the BBB becomes compromised during the course of EAE or MS, UA accumulates in CNS tissue (11, 35, 36) . Presumably, ingested inosine or inosinic acid also could accumulate in CNS tissue under similar circumstances, provided that they can cross the BBB and are metabolized slowly in CNS tissues. To determine whether this may be the case, mice with clinical signs of EAE were fed inosine or inosinic acid and their CNS tissues were assessed for levels of these and UA. As shown in Fig. 6 , UA levels in the spinal cord tissues of mice with EAE became elevated but there was no significant effect on endogenous inosine levels and inosinic acid remained essentially undetectable.
Oral Administration of Inosinic Acid Inhibits the Development of EAE
and Promotes Recovery from Clinical Signs of the Disease. Based on its efficacy in raising serum UA levels in mice, and apparent safety in humans, we have examined the effects of inosinic acid on the development of EAE. As an initial test, we administered inosinic acid i.p. to PLSJL mice immunized with MBP, based on our prior experiments with UA (10-13). With two daily doses of inosinic acid, the onset of clinical signs of EAE was delayed and the severity of the disease was reduced (Fig. 7) . Moreover, the 30% mortality seen in vehicle-treated controls also was prevented by inosinic acid treatment (Fig. 7) . Our previous studies established that mice with clinical signs of EAE recover rapidly when given UA (10, 11) . To assess whether raising serum UA levels by oral administration of a precursor has similar effects, we fed inosinic acid to mice with existing signs of active EAE while prolonging raised UA levels by i.p. administration of K-Ox. As can be seen readily from Fig. 8 , such treatment promoted early recovery from clinical signs of EAE, whereas disease severity in mice that received K-Ox alone remained relatively constant. Like K-Ox treatment alone, sham treatment with saline also had no effect on the clinical course of the disease (data not shown).
Discussion
Raising their normally low serum UA levels protects mice from the development of EAE (10) . Moreover, UA treatment of mice with EAE promotes their recovery (10, 11) . The therapeutic effects of UA in EAE and other animal models of CNS inflammation (10) (11) (12) (13) 22) , together with evidence of an inverse correlation between serum UA levels and the incidence of MS, have renewed interest in the specificity of this purine metabolite. Although UA has long been recognized as an antioxidant (2), recent observations suggest that it is not a general antioxidant but a specific inhibitor of radicals generated by the decomposition of peroxynitrite, the product of NO and superoxide, in a biological milieu (4, 5). These UA-sensitive, peroxynitrite- decomposition radicals, possibly NO 2
• and CO 3 •Ϫ , therefore are likely to be responsible for the elements of a CNS inflammatory response that have been associated with peroxynitrite (4, 5) . Using UA administration to probe the effects of peroxynitrite in CNS inflammation, we have discovered that it contributes not only to CNS tissue damage but also to enhanced BBB permeability and immune cell invasion into the CNS (11) (12) (13) 22) . Peripheral aspects of the immune response that leads to CNS inflammation, such as the up-regulation of iNOS expression by monocytes, are unchanged by UA treatment (12, 13) . We, therefore, have concluded that the peroxynitrite-based radicals inactivated by UA not only cause tissue damage by tyrosine nitration and other chemical reactions but also trigger changes in BBB function that promote cell infiltration into CNS tissues (11) (12) (13) 22) . Ultimately, these processes result in clinical signs of disease that can be prevented by the administration of UA or a precursor such as inosinic acid.
Inosine administration to humans clearly can be used to raise serum UA levels in MS patients (23, 24) . The current findings suggest that inosinic acid is adsorbed in the mouse gut more rapidly͞efficiently than inosine but that both can effectively raise serum UA levels. That serum UA levels become elevated for extended periods of time after inosine or inosinic acid administration when K-Ox is present, but inosine levels are increased only transiently, attests to the fact that inosine is metabolized rapidly to UA. As is the case with UA (10-13), inosinic acid treatment not only inhibits the development of EAE but also promotes recovery from existing disease.
Is it possible that increased inosine levels are directly responsible for the therapeutic effects seen in EAE? To significantly reduce the production of several cytokines by LPS-stimulated peritoneal macrophages in vitro, 30-min pretreatment with 10-100 M inosine followed by a 24-h incubation was necessary (28) . Pretreatment for 30 min with 100 mg͞kg inosine applied directly into the peritoneum was required to transiently inhibit cytokine production in mice in response to LPS that also was administered i.p. (28) . Moreover, the continued presence of inosine evidently was necessary to stimulate axonal growth in vivo (33) . In our studies, the activation of monocytes to express iNOS or produce NO in vitro was unaffected by the presence of inosine, inosinic acid, or UA. In addition, unlike UA, neither inosinic acid nor inosine inhibits the peroxynitrite-mediated nitration of tyrosine or oxidation of DHR, reactivities that have been associated with the pathogenesis of EAE (10-13). Because serum inosine levels were elevated only to a peak of Ϸ100 M for Ϸ30 min and no increase in CNS levels were seen in our experiments, we consider it unlikely that inosine is directly therapeutic in EAE. As expected if UA is the functional molecule after the administration of inosinic acid to mice with EAE, serum UA levels were maintained for extended periods of time and elevated levels of UA, but not inosine or inosinic acid, were found in diseased spinal cord tissue. We therefore conclude that the effects of inosinic acid in EAE are likely to be mediated through its metabolism to UA, culminating in the inactivation of peroxynitrite-decomposition radicals at the BBB and in diseased spinal cord tissue.
Perhaps the best direct evidence of peroxynitrite's involvement in the pathogenesis of MS is that active plaques often contain accumulations of iNOS-positive cells and nitrotyrosine (6) (7) (8) (9) . However, the inverse relationship between serum UA levels and the incidence of MS also attests to the possibility of an association between peroxynitrite and the disease process. Several studies have confirmed our original observation that serum UA levels tend to be lower in MS patients than controls (14) (15) (16) (17) . We recently have found that this difference extends to identical twins, where individuals with MS have lower serum UA levels than their healthy siblings (16) . Analysis of the 1995 Medicare͞Medicaid database revealed that the incidence of MS among gout patients was exceptionally low (10) . Even if most of the gout patients were male, which is not the case for the predominant age group in the database, and two-thirds of the MS patients were female, the combined incidence of MS and gout should have been Ϸ10-fold higher than observed. The Fig. 7 . Effects of inosinic acid administration on the clinical course of EAE in PLSJL mice. Groups of PLSJL mice (n ϭ 10) were immunized with MBP as detailed in Experimental Procedures. From day 7 postimmunization (arrow in A), animals received two daily i.p. doses of either 10 mg of inosinic acid in saline (INA) or saline alone (Vehicle). Mice were scored twice daily for clinical signs of EAE by independent investigators as detailed (10) . Results are presented as percent incidence of disease (A), mean disease score Ϯ SE (B), and percent mortality (C). The clinical scores between inosinic acid and vehicle-treated mice are significantly different (P Ͻ 0.001) by the Wilcoxon signed-rank test. Fig. 8 . Administration of inosinic acid plus potassium oxonate promoted recovery from clinical signs of active EAE. PLSJL mice were immunized with MBP as detailed in Experimental Procedures. When mice developed a clinical EAE score between 3 and 4, they were randomized into two groups of six mice each, one group receiving 5 mg of K-Ox in 100 l of saline i.p. three times daily plus 100 l of saline by gastric intubation twice a day (K-Ox ϩ Saline), and the second receiving the same regimen of K-Ox plus 30 mg of inosinic acid in 100 l of saline by gastric intubation twice a day (K-Ox ϩ INA). Mice were scored twice daily for clinical signs of EAE by independent investigators. * , P Ͻ 0.05; ** , P Ͻ 0.01 compared with K-OX ϩ saline group by the Mann-Whitney U test.
implication from these observations is that UA may protect against the development of MS, a possibility made more distinct by the demonstration in animal models that UA administration, in addition to preventing a particular element of CNS tissue damage, can inhibit CNS inflammation through protecting against BBB-permeability changes (11, 13, 22) . That the therapeutic effects of inosinic acid treatment of EAE are associated with increased serum and tissue levels of UA, rather than inosine, leads us to conclude that the mechanism of action is through inactivation of peroxynitrite decomposition products by UA. We expect that this also will be the case if inosine administration to MS patients proves therapeutic.
